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Educational Activity 

A number of students participated in the program as evidenced in the above publications. 
Four of the students have since graduated with a Ph.D and two are now faculty members in 
tenure track positions. The others have taken postdoctoral positions including one at AT&T 
Two other students will be graduating within the next 18 months, including the student who has 
developed the low temperature nonlinear optical NSOM. Three new students have just joined 
the group and will be involved in the new program. 

Summary of Findings 
All of the research finding presented in this report have been reported in the annual reports. 
However, for completeness, we summarize the most important results. 

Introduction 

The objectives of the present program focus on developing and applying quantum optical 
methods based on coherent nonlinear laser spectroscopy to the study of nanoscopic physics in 
semiconductors, focusing explicitly on the optical behavior. The physics includes the study of 
disorder in heterostructures and the study of quantum dots (QD). The experimental approach is 
presently based in large part on the use of far field optical techniques, on both apertured and 
unapertured GaAs/AlGaAs single quantum well samples. However, a major effort exists now in 
the laboratory to develop a low temperature near field spectroscopy approach to allow us to 
study disorder and quantum dots without the complications that accompany sample aperturing. 
The success in this area has been very exciting. 

The First Observation and Theory for the Nonlinear Exciton Polariton 

As part of a carry over of the previous work and because the understanding of optical 
interactions in even bulk semiconductors remains limited, we completed a set of experiments to 
study the lowest order nonlinear optical effects in semiconductors. The work was motivated by 
our observation of what appears to be highly anomalous behavior in the nonlinear transmission 
Specifically, the data (Fig 1 and 2) shows in Fig lc that at the lowest intensity, the absorption 
increases at the light hole exciton (and even the heavy hole exciton at lower intensities) The 
lower energy shoulder is in fact due to the biexciton and is expected, but the optical induced 
increase in absorption was not predicted by any theory at that point. Following the hint however, 
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that the linear absorption line shape of the lh-exciton in Fig. la was itself indicative of 
polaritonic effects, we returned to a fully self consistent solution of the modified optical Block 
equations (including effects of dynamic exciton-exciton interaction leading to excitation induced 
dephasing reported earlier) and Maxwell equations, thus insuring polaritonic effects would be 
included. The results of the theory are shown in Fig. 2. The agreement between theory and 
experiment was remarkable and accounted for every aspect of the experimental data. The data 
now clearly shows the first observation of the nonlinear exciton polariton. 
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Figure 1 (Upper left) (a) Absorption and luminescence 
spectrum of 0.2 /tin bulk GaAs. Full width of lh(ls) 
resonance is 0.2 meV. (b) and (c) Differential transmission 
(DT) at high and low intensity Pump was resonant with 
lh(ls). 

Figure 2 (Left) Behavior of DT at peak of Ih resonance at 4 K 
as a function of pump intensity. Lower inset: Superlinear 
behavior of lh(ls) DT with increasing pump intensity. Upper 
inset: Dependence of induced absorption signal with 
temperature. 

Figure 3 (Upper right) Calculated DT based on the classical 
polariton model with spatial dispersion for increased damping 
due to increased exciton density. Spectra of DT for (a) 

Y/Ycn, = 4. (b) Y/Ycru = 0A. (c) Behavior of DT at 
absorption peak as a function of pump intensity. Lower inset: 
Superlinear behavior of DT for pump and probe at same 
resonance. Upper inset: Theoretical dependence on 
temperature, T. In above, Icrjt and rcrit are constants defined 

as the values at which y=v crjt, calculated with the zero 
density and temperature absorption coefficien.  
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Detection of the Raman Coherence and Exciton-Exciton Correlations 

While the simple atomic picture of the coherent nonlinear optical properties easily accounts 
for physical phenomena such as two-photon exciton and Raman and Zeeman coherences, such 
behavior in semiconductor structures is more complex because the effective anharmonicity in 
this system arises from exciton-exciton interactions or correlations. Clear observation of the 
latter two phenomena have not been made, while the former feature is of course associated with 
the biexciton. In some systems, the biexciton may not exist as a sharply defined bound state, and 
hence the presence of exciton-exciton correlations is not readily observable in the multiphoton 
absorption spectrum. More important, however, is the fact that Raman and Zeeman coherences 
are interesting from the standpoint of quantum information devices since these states represent 
two-electron entanglement. 

(a) 

0      2      4 
Delay (ps) 12 3 4 

Delay/7", 

Figure 4. (a). Raman coherence oscillations appear in 
homodyne-detected FWM for the tuning shown in the inset. 
The pulse bandwidth is 2meV, and the total excitation 

density is 9xl015 cm*3, (b). For a slightly different tuning, 
the beats are suppressed. (The overall sign of the DT 
response changes from (a) to (b), reflecting the sign change 
in EID as the laser is tuned closer to the Ih exciton 
resonance.) 

Figure 5. The lh-hh interaction produces bound or scattering 

states yff i) (a) and produces Raman quantum beats (b: 

solid), which would be absent for noninteracting excitons (b: 
dashed). Energy differences have been greatly exaggerated 
for clarity. The Raman period and frequency are related by 

As in the previous section, these experiments were performed in high purity bulk GaAs to 
avoid complications due to disorder. These experiments were designed to directly detect the lh- 
hh exciton Raman coherence.   While the experiments resemble "traditional quantum bea£' 



experiments, the experiments are in fact profoundly different. This experimental configuration 
was designed to measure the time evolution of the phase optically induced at second order which 
is where the Raman coherence is to be seen. This is in contrast to traditional FWM experiments 
which report on time evolution of the system at odd order of optical interactions and report on 
dipole coherences. The data (Figure 4) shows clear evidence of the presence of exciton-exciton 
interactions leading to correlations as seen by the homodyne detected time evolution of the 
quantum phase of the system. In Fig. 5a, a simplified 2-electron model is provided which shows 
the result of the perturbation solution of the density matrix equations. Only in the presence of 
exciton-exciton interactions are the beats observed in the measurement as seen in the model 
prediction of Fig. 5b. 

These results were crucial to our understanding and development of experiments in quantum 
dots discussed below. 

The Coherent Nonlinear Optical Response of a Single Quantum Dot Exciton 

In this part of the program, we changed the direction of our work to initiate experiments 
designed to push the state-of-the-art in the area of nano-optics. It is clear that as device scale 
lengths continue to decrease, the quantum size regime is becoming the domain of modern 
devices. * 

In this initial study, we worked to obtain the coherent nonlinear optical response of a single 
exciton in a quantum dot in order to combine the power of coherent nonlinear optical 
spectroscopy with the new technology for probing individual QD's. The first dots studied have 
been so-called natural dots formed due to strong localization, however, future dots are likely to 
be much higher quality with improved control over size and location. 

Narrow quantum wells of the type described above result in strong localization of excitons 
and leads to energy level structure because of lateral confinement expected from quantum dot 
states.  To study these systems at the single exciton level, we first used samples over coated with 
a layer of aluminum and then created small apertures in the aluminum ranging in size from 25 to 
0.2 microns. (See further progress below using near field scanning microscopy.) The work has 
been done in collaboration with researchers at NRL.  The smallest apertures provide spatial 
resolution so that under one aperture, only a few localized exciton states exist. Using the high 
energy resolution of coherent nonlinear spectroscopy, we were then able to differentiate between 
the different dot states.   Based on this, we have now refined our measurements and have 
achieved some relatively spectacular results as shown in Fig. 6. In particular, we have achieved 
the first coherent nonlinear optical study of single excitons localized in GaAs QD.    The 
measurements are based on homodyne detection of the coherent emission arising from the third 
order nonlinear optical response and show both an incoherent and coherent contribution, the 
latter arising from population pulsations at frequencies above 10 GHz and leads to the onset of 
two-beam coupling. The data shows the decoherence time of the excitation is of order 30 psec 
with a comparable energy relaxation time. 

The fully degenerate (i.e., Q)x = co.) nonlinear response as a function of frequency is shown 
in Fig. 6 obtained using frequency locked high resolution scanning cw lasers. This data was 
taken through a 0.5 p.m aperture at 5 K with low spectral resolution (-50 ^eV).   The sharp 



narrow lines of the PL, correspond to isolated QD excitons. In many cases, resonances seen in 
the PL are also seen in the nonlinear spectrum. However we note that, as in the case with PL and 
PLE, there are differences between the spectra which reflect important details of the electronic 
excitation.  Many of the resonances in the degenerate nonlinear spectra can be well fit to a 
Lorentzian squared (right inset) as expected from the analysis for isolated homogeneously- 
broadened excitons. We note, however, that some of the spectral features appear more complex 
than that observed in the inset. At this point, it is unclear whether these features are intrinsic or 
the result of interference effects from the background nonlinear response, however, they remain 
under investigation. The signal strength of the response goes linearly with intensity /, because 
the homodyne-detected lowest order contribution to the nonlinear response corresponds to the 
third order susceptibility. The left inset of Fig. 6 shows this behavior with saturation at high 
powers which also leads to power dependent spectral linewidths 
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Figure 6. A comparison of the PL spectra with the 
fully degenerate and non-degenerate homodyne 
detected four-wave mixing spectra. The degenerate 
nonlinear spectra shows a strong similarity with the 
PL data, as expected. However, the non-degenerate 
spectrum shows the fully resonant nature of the 
nonlinear response. In this case, a strong resonance 
is observed  at the pump frequency and the 
remaining resonances are suppressed except one 
lower energy resonance.     The  lower energy 
resonance appears to arise from a nearby dot that is 
excited by energy transfer. The left inset shows the 
linear dependence on pump power, expected of a 
third order nonlinear response in this geometry. 
The right inset shows a nonlinear least squares fit 
of the they to an isolated resonance. 

Additional data (not shown) of the high resolution non-degenerate response shows the system 
has very little pure dephasing contributing to the Iinewidth indicating that these dots are 
extremely robust against pure dephasing processes, a result that may prove important in future 
applications. 

The Magneto-Nonlinear Optical Response of a Single Quantum Dot Exciton: Detection of the 
Zeeman Coherence and 2-Electron Entanglement 

Following our work on generation and detection of Raman coherence in bulk GaAs, we 
believed we could generate and detect the Zeeman coherence in a single quantum dot. Unlike 
the measurements above, we used high resolution cw methodology to achieve this result and 
demonstrate two-electron entanglement. 
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FIG. 7. (a) Band diagram for heavy-hole exciton transitions, (b) Four- 
level model for incorporating the four-particle Coulomb correlation into the 
problem, (c) Theoretical prediction for the non-degenerate experiment, 
assuming that the contribution from the levels beyond single-exciton levels 
can be neglected due to the Coulomb interaction. Upper curves show the 
incoherent contribution from the ground state depletion. Middle curves 
show the coherent contribution from the second order Zeeman coherence. 
Lower curves are the superposition of both contributions. In the absence of 
correlation, no signal at all would be observed. 
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FIG. 8. Non-degenerate coherent nonlinear response. 
The pump is placed at the a- (lower) state with o- 

polarization. The probe is scanned across the o+ state 

(upper) with o+ polarization. The result shows 
interference lineshape identifying the Coulomb 
correlation and the contribution from Zeeman coherence 
(see text for details). 

In this system, the correct minimal description is that of two electrons described by a basis 
state formed by correctly antisymmetrized eigenfunctions. Figure 7a shows the representation 
based on zone center conduction and valence band electrons.   In the presence of a strong 
magnetic field, symmetry is restored as well as the usual optical selection rules (see further 
discussion below). Figure 7b shows the equivalent exciton representation formed by accounting 
for the antisymmetrization of the wave function in the two-electron basis.  The results of a 
simple analysis of the coherent nonlinear response based on the density matrix master equations 
is given in Fig. 7c where the pump field at £", (<w,) is tuned to the a- transition and probe field 
£2(tt)2) is tuned to the a+ transition. In the case of no interaction between the two electrons, 
there is no signal in the region of the a+ transition. In the presence of just ground state depletion 
effects (saturation), the upper curve shows a simple resonance located at the center of the cr+ 
transition which does not move with tuning of Q),. However, the second curve shows the effect 
of including the Zeeman coherence between the two levels. The Zeeman coherence represents a 
coherent-superposition of the two 2-electron states excited by the cr+ and a- optical fields. This 
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superposition represents an optically induced entanglement of the two states. The final curve 
represents the expected coherent nonlinear optical response in the presence of both contributions. 
The experimental result is quite profound and is shown in Fig. 8. The data clearly shows the 
unmistakable signature of optically induced entanglement and Zeeman coherence. The results 
show that our understanding of this system is apparently correct and that we have now 
established a means to demonstrate entanglement. Our future work will focus on entanglement 
of two dots. 

Coherent Control and Wave Function Engineering of a Single Quantum Dot Exciton 

A part of the new thinking in coherent optical interactions is the idea that coherent optical 
radiation can be used to control and engineer the state of excitation of a quantum system. Using 
the results of our understanding based on the nonlinear optical spectroscopy discussed above, we 
have shown that we can extend the concepts of coherent control and wave function engineering 
developed in atomic/molecular systems and higher dimensional semiconductor structures to the 
limit of a single quantum system in a zero-dimensional quantum dot. Such proposals have been 
envisioned for implementation of various schemes for quantum computation and coherent 
information processing and transfer in which it is important to address and coherently control 
individual quantum units. 

The excitonic wave function was manipulated and monitored on a time scale short compared 
to the loss of quantum coherence by controlling the optical phase of two picosecond pulses 
through timing and polarization. An exciton in an isolated QD was probed by exciting through a 
500-nm diameter Al aperture. The photoluminescence (PL) and photoluminescence excitation 
(PLE) spectra exhibit atomic-like spectra (Fig. 9a) similar to that discussed above. For these 
experiments, we accounted for the fact that symmetry breaking due to the geometry of the 
quantum dot results in a change of the dipole selection rules and a fine structure splitting of the 
excitonic state into x and y states of polarization. The experiments concentrated on the |£i) 
state that shows a linewidth of 17 UäV and a fine structure splitting of 60 u.eV (Fig la, inset). 
We probed the state of the system by monitoring the luminescence from \EQ). Figure 9b shows 
the luminescence intensity as a function of the delay time between the phase-locked pulses (Y- 
polarized) and represents the autocorrelation function of the excitonic wavefunction 
corresponding to state IjEiy). The exponential decay arises from the loss of coherence. Even 
more interesting is the behavior shown in Fig. lc when a non-stationary wavefunction composed 
of a coherent superposition of \Elx) and |£iy) states was created and measured by a pulse 
sequence polarized at 45°. The autocorrelation shows the wavefunction oscillating between two 
orthogonal states, |£i^) + |£'ij') and |£ix)-|liiy)- The oscillation period corresponds to the 
inverse of the difference frequency between the two optical transitions. In the third experiment 
we created a superposition of the states that had a n shift in the quantum phase with respect to 
the reference wavefunction (see Fig 9d). This was accomplished by polarizing the first beam - 
45° and the second beam at +45° and represents a cross correlation between the different excited 
states produced by the two pulses. 
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Fig. 9 (a) PL (filled circles) and PLE (open circles) spectra of the \EQ) state. Inset: |üi) fine structure shows the 

splitting of the (\E[x)) and (|£iy)) states, (b) The amplitude of the oscillation in PL as a function of delay (large 
filled circles), for Y-polarized pulses. The quantum interferogram measures th& autocorrelation function of the 
excited state wavefunction. The inset shows an expanded view around t=40 ps (corresponding to the shadowed 

region) showing the oscillations in PL on a femtosecond time scale. The large filled circles in the main figure are 
determined from a fit of the amplitude of oscillations, (c) The auto-correlation function of the excited state wave 

function for both pulses co-polarized and rotated to equally excite both the \Eix) and \Eiy) states, (d) The cross- 
correlation function between two excited state wave functions generated by orthogonally polarized optical pulses. 
The relative phase of the two superposition states produced by each pulse differs by «. 

The measurements show coherent optical control of the quantum state of a single dot and, in 
the case of Fig. 9d, the feasibility of generating a simple target wave function. This work 
establishes the basic tools for developing more sophisticated control and creating a more 
complex wave function as achieved in atomic systems. 

Development and Application of a Low Temperature Near Field Scanning Optical Microscope 
(NSOM)for Nonlinear Optical Spectroscopy: A Direct Measurement of the Center of Mass of 
the Localized Excitonic Wave Function 

A major objective of the past several years has been to develop a methodology that allows us 
to probe individual quantum dot structures at high density without resorting to apertures. To this 



end, we developed a low temperature near field scanning microscope (NSOM) designed to work 
based on detecting the coherent nonlinear optical response. Our first high resolution 
measurements are shown below. The results are quite profound and demonstrate the complexity 
of the localization of the dots in highly disordered systems. Because the measurements are based 
on the nonlinear optical response, we excite and probe the same optical dipole and do not rely on 
either energy or spatial relaxation as occurs in all other previous NSOM measurements. The data 
in Fig 10 actually provides the first mapping out of the wave function of such a system. The 
experimental setup for the optics is similar in concept to that needed to obtain the degenerate 
FWM response in Fig. 6. However, in practice, it is much complicated because the optical 
arrangement is in a fiber network rather than in free space on the table. A more detailed 
discussion will be presented in a preprint of a manuscript that is nearly completed.  
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Figure 10: Degenerate nonlinear optical response images taken over 2 jun x 2 Jim area at energies indicated in the spectrum (which was 

taken near the center of the images). Red-yellow represents positive nonlinear signal (or induced transmission), and blue represents 
negative nonlinear signal. Images are scaled independently. A) 1633.0 meV w/ relative signal of 2.14 B) 1633.6 meV w/ relative signal 
of 6.37 C) 1635.3 meV w/ relative signal of 1.55 D) 1642.7 meV w/ relative signal of 3.72. These images can be considered mappings 

(within the resolution of the probe) of the center-of-mass wavefunction \J/(x, y) of the exciton in the disordered 2-D potential of the 

quantum well  
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